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1 INTRODUCTION 
Suffusion involves selective erosion of fine particles 
within the matrix of coarse soil particles under seep-
age flow (Chang & Zhang 2013a). It occurs when 
certain geometric criteria and hydraulic criteria are 
met (e.g. ICOLD 2012, Chang & Zhang 2013a). Af-
ter losing soil particles during erosion process, the 
contacts between soil particles and soil fabric may 
change, which will induce significant settlement, a 
coarser and more permeable structure, and a higher 
possibility of slope instability or even failure of the 
structure (Wan & Fell 2008, Ke & Takahashi 2015, 
Chang & Zhang 2013a).  
Most of the previous studies simulated the inter-
nal erosion process by controlling the hydraulic gra-
dient. For instance, Chang & Zhang (2014) studied 
the stress-strain behaviour of a gap-graded soil sub-
ject to internal erosion under various stress states. 
When the applied hydraulic gradient reached 8.5, the 
cumulative loss of fine particles ranged from 2.5% to 
5% of the total soil mass, and the initially strain-
softening behaviour of the test soil became strain 
hardening as shown in Fig. 1. Xiao & Shwiyhat 
(2012) applied a downward hydraulic gradient of 
20.8 to induce seepage and erosion of soils, and ex-
amined the shear strength of the soils through con-
solidated- undrained tests. Ke & Takahashi (2012) 
conducted a series of seepage tests on cohesionless 
soils by applying different hydraulic gradients to 
cause internal erosion. They found that a soil sample 
containing 25% of fines lost 9.8% and 11.1% of par-
ticles by total mass under maximum imposed hy-
draulic gradients of 0.45 and 0.51, respectively.  
The amount of loss of fine particles is hard to 
control in a gradient-controlled test as it is highly 
dependent on the grain-size distribution, applied hy-
draulic gradient and stress state (Bendahmane et al. 
2008). In this research, another method, which uses 
salt to replace some soil particles to achieve de-
signed large degrees of erosion, is adopted.  
The main objectives of this research are to study 
the deformation of soils induced by loss of fine par-
ticles and the subsequent stress-strain behaviour of 
the soils. 
 
 
0
200
400
600
800
1000
0 5 10 15 20 25
D
ev
ia
to
ric
 s
tre
ss
, q
(k
P
a)
Axial strain, ea (%)
GS-I-1-C
GS-I-2-C
GS-I-3-C
BM-C-50
BM-C-100
BM-C-200
 
Figure 1. Stress-strain relationships through triaxial compres-
sion tests without and with internal erosion under different ini-
tial isotropic stress conditions. 
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ABSTRACT: Internal erosion is a major cause for failures and incidents in slopes, embankment dams, land-
slide dams and dikes. After the loss of some fine particles, the microstructure and mechanical behaviour of the 
soil change. In this study, a series of tests was conducted on a gap-graded soil using salt to replace part of soil 
particles to investigate soil deformations and shear strength changes caused by the loss of a predefined amount 
of fine particles. The dissolution of predefined amounts of salt in the soil specimen during saturation process 
successfully simulated different degrees of erosion. Drained triaxial compression tests were performed on the 
samples already subject to internal erosion to study the changes in the mechanical behaviour of the soil. After 
loss of a significant amount of fine particles, the void ratio became larger, the critical state line rose substan-
tially, the soil behaviour became less dilative, and the shear strength decreased significantly. 
2 TESTING APPARATUS 
The experimental setup consists of a triaxial system, 
a water supply and collection system, and a data col-
lection system as shown in Fig. 2. 
 
 
Figure 2. Experimental setup. 
 
2.1 Triaxial system 
The computer-controlled triaxial apparatus was used 
to apply a designed stress state to the soil, lead seep-
age flow through the soil sample and conduct com-
pression tests on the soil. A hollow base pedestal is 
designed for the de-aired water to flow uniformly 
from the bottom to top of the sample. Two perforat-
ed plates (plates I and II) with a hole diameter of 1 
mm are used to support the specimen and allow the 
water or solution to flow in and out uniformly.  
2.2 Water supply and collection system 
The water supply system uses a transparent acrylic 
water tank to supply de-aired water while the water 
collection system is a vacuum system that provides a 
pressure difference between the water supply system 
and the collection system to maintain a constant wa-
ter flow across the sample during saturation. A pres-
sure regulator is connected to the water collection 
cylinder to adjust the vacuum and maintain a con-
stant water head difference between the upstream 
and downstream water levels. The precision of the 
pressure gauge is 0.05 kPa; thus the hydraulic gradi-
ent can be changed at an increment of 0.033 for a 
soil sample 150 mm in height. 
2.3 Data collection system 
The deformations induced by internal erosion are 
captured using a photographic method. The total ver-
tical displacement of the specimen during shearing is 
measured using a linear variable differential trans-
former (LVDT) with a precision of 0.02 mm. Photos 
are taken with a fixed measuring distance and a fixed 
camera angle. The horizontal and vertical displace-
ments of the soil sample can be obtained by conver-
sion distances on photos using vertical and horizon-
tal scale factors.  
3 TESTING MATERIAL AND SAMPLE 
PREPARATION 
3.1 Texting material 
The soil in this research was a type of poorly graded 
sand obtained by separating different sizes of com-
pletely decomposed granite particles according to the 
designated grain size distribution curves (Fig. 3, 0% 
salt). Based on the extended internal stability criteria 
for gap-graded soils (Chang & Zhang 2013b), test 
specimens containing 20% of fine particles with a 
gap ratio of 7.87 can be defined as internal unstable, 
which has a high potential to lose its fine fraction 
under seepage. The soil particles in the grain size 
range of 0.09-0.15 mm are termed “fine particles”, 
which differ from the term “fines’ that is smaller 
than 0.075 mm (ASTM 2012). All the specimens 
contained 20% of fine particles by weight, and 5%, 
10%, 15% of the total mass were replaced by salt 
(Table 1). 
 
Table 1.  Test ID and Designated Erosion Rates. ______________________________________________ 
Test ID     Fine content (%)   Erosion rate* (%)     ______________________________________________ 
A1            20                 0 
A2                  20                5 
A3                  20                10 
A4                  20                15 _____________________________________________ 
* Erosion rate: Percent of particles replaced by salt. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Grain size distributions of soils after internal erosion. 
 
3.2 Sample preparation 
Standard soil compaction test was conducted to find 
the optimal water content (i.e. 5.5%) and the maxi-
mum dry density (i.e. 1787 kg/m3) of test soil (Fig. 
4). Each sample for erosion and triaxial tests was 76 
mm in diameter and 150 mm in height, and prepared 
by moist tamping to prevent soil segregation. The 
salt was added into the soil and uniformly mixed be-
fore compaction. The mixed soil was then statically 
compacted in ten layers using the procedure pro-
posed by Ladd (1978) to the desired dry density at a 
rate of 1.25 mm/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Dry density against water content. 
4 TESTING PROCEDURE 
After consolidation under an isotropic confining 
pressure of 50 kPa, soil saturation was performed in 
three steps: carbon dioxide, de-aired water and back 
pressure saturation. The salt was dissolved by intro-
ducing de-aired water and the inflow hydraulic gra-
dient was controlled at a very small value (i.e. 0.1) 
for a sufficiently long time (i.e. 36 hours) to guaran-
tee a uniform and homogeneous saturation process. 
De-aired water saturation would stop when no salt 
from the outflow water precipitated when tested in 
an oven. Then, back-pressure saturation began and 
lasted four hours. The B-value was checked to 
measure the degree of saturation. Photos were taken 
before and after the internal erosion process to 
measure the deformations caused by internal erosion. 
In the future soil deformations should be continuous-
ly monitored in the saturation process. 
Drained shearing tests were finally conducted at 
an axial strain rate of 0.05%/minute to investigate 
the stress-strain behaviour of the soil subjected to in-
ternal erosion with the loss of different amounts of 
fine particles. The test was started at an isotropic 
confining stress of 50 kPa and the confining stress 
for all the tests was kept constant (i.e. 50 kPa) while 
the axial stress was increased gradually. 
5 EXPERIMENTAL RESULTS 
5.1 Erosion-induced deformation and void ratio 
change  
The relations between the strains and the loss of fine 
particles are shown in Fig. 5. With increasing loss of 
fine particles, the contacts between soil particles de-
creased and the force chains in the soil may collapse 
due to lack of lateral support from the fine particles, 
leading to substantial axial, radial and volumetric 
strains. During static compaction, an anisotropic 
contact network developed, with the contacts in the 
horizontal direction being smaller. Accordingly, the 
radial strain was greater than the axial strain when  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Deformations of the soil specimens caused by loss of 
fine particles. 
 
the soil was subject to internal erosion under an iso-
tropic stress condition. 
Moreover, the maximum erosion-induced volu-
metric strain (i.e. 4.4%) and axial strain (i.e. 1.19%) 
of the test soil (A4) are much larger than the maxi-
mum wetting-induced volumetric strain (i.e. -0.47%, 
negative sign represents increase of soil volume) and 
axial strain (i.e. 0.09%) of the soil (Zhao & Zhang 
2014). Therefore, the wetting deformation of the 
sample without salt can be ignored for simplicity. 
The void ratio of the specimen during the internal 
erosion process can be calculated based on the 
measured deformations and the mass of the eroded 
soil. Although the volume of the specimen decreased 
during the internal erosion process, the void ratio of 
the soil still increased as the loss of fine particles 
outweighed the decrease in the soil volume. With the 
loss of fine particles, the mass fraction of the coarse 
particles increased (Fig. 3), which would result a 
looser and coarser soil structure. Figure 6 shows the 
increase of void ratio with increasing eroded fine 
particles at the end of the internal erosion test. The 
initial void ratio of all the soil samples were 0.461, 
while at the end of the internal erosion test, the max-
imum final void ratio reached 0.644 (A4), with an 
increment of 40%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Increase of void ratio due to internal erosion. 
 5.2 Changes in mechanical behaviour of soil after 
erosion 
Figure 7 presents the stress-strain relationships of the 
test soils after losing different amounts of fine parti-
cles. The soil without erosion (A1 in Table 1) shows 
apparent strain softening and dilative behaviour. 
When a certain amount of fine particles is lost, the 
soil strength decreases and the dilation tendency be-
comes weaker.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Evolution of the stress-strain relationships with the 
loss of fine particles: (a) deviatoric stress versus axial strain; 
(b) volumetric strain versus axial strain. 
 
By controlling the hydraulic gradient, the 
amounts of eroded soil particles under the isotropic 
stress condition are limited to a small range. The fine 
particles filling the large pores formed by the coarse 
particles have a high potential to erode. As long as 
the skeleton structure formed by the coarse particles 
remains stable, the void ratio will increase and a 
looser soil structure will develop as the infill parti-
cles erode. The shear behaviour of the soil will 
change from the dilative before internal erosion to 
the contractive after internal erosion (Fig. 1). By us-
ing salt to replace a large percentage of soil particles, 
both the infill particles that do not support the force 
chains and the fine particles that support the stability 
of the force chains disappear, causing the collapse 
and re-compaction of the soil structure. The soil par-
ticles will rearrange and form a stable soil packing 
after erosion. Therefore, in this study, the soils after 
subject to internal erosion exhibit weaker but still 
strain softening behaviour.  
The critical state was considered to be reached at 
the end of the tests (when εa =30%) as the rate of in-
crease of volumetric strain apparently decreased. The 
four soil samples at the end of internal erosion are 
different soils with different grain-size distributions 
(Fig. 3). As the critical state line for each test soil 
could not be obtained from a single shearing test, a 
slope of the critical state lines of 0.034 is adopted for 
further analysis, which was obtained from tests on 
the same type of soil by Zhao & Zhang (2013). Fig. 
8 shows the stress states of the soils during shearing 
and the interpreted critical state lines. The internal 
erosion increases the void ratio of the soil, so the 
critical void ratio increases with increasing loss of 
fine particles. The state parameter can be used to ex-
plain the stress-strain behaviour by accounting for 
both void ratio and stress level. Dilation tendency is 
apparent for negative state parameter values, and 
contractive tendency for positive state parameter 
values. Figure 8 shows that the initial states of all the 
samples are located below their respective critical 
state lines, which means that all the soil samples will 
exhibit dilative behaviour during shearing. With in-
creasing amount of eroded fine particles, the state 
parameter becomes larger and the soil behaviour be-
comes more contractive. A smaller drop of post-peak 
shear resistance can be observed with the increasing 
loss of fine particles (Fig. 7). 
Wood (2007) proposed a “grading state index” 
concept to characterize the relationship between 
changing grading and soil mechanical behaviour dur-
ing erosion. The grading state index decreases with 
the loss of fine particles and the critical state line 
moves upward with increasing specific volume and 
decreasing grading state index. When erosion hap-
pens, some fine particles are removed; the void ratio 
increases and the grading state index falls, which in-
dicates a rise of the critical state line. In Figure 8, an 
apparent trend of rising critical state line can be easi-
ly observed with increasing loss of soil particles, 
which is consistent with Wood’s theory. From Fig-
ure 8, the soils with a larger amount of eroded fine 
particles will have a larger void ratio after internal 
erosion, which is followed by a less strongly strain 
softening behaviour during shearing. This implies 
that the increase of soil void ratio after erosion is 
quicker than the upward movement of its critical 
state line, which indicates an increase of the state pa-
rameter. Thus the soil response will feel “looser”.  
Numerical analyses by Wood et al. (2010) also 
showed that a combination of material removal and 
skeleton compression will lead to an increase in spe-
cific volume and state parameter. The increase in the 
state parameter will consequently reduce the strength 
of soil, which corresponds well to the results from 
this experimental research. During the internal ero-
sion process, a larger void ratio is generated by a 
larger loss of fine particles, which forms a relatively 
looser soil structure. With a loose soil packing, the 
contacts between particles are small and the inter-
locking between particles are weak, which will lead 
to a reduction in shear strength. Therefore, with the 
increasing amount of eroded fine particles, the 
strength of the soil matrix decreases and a decreas-
ing trend in the peak strength of the specimen can be 
observed. 
Figure 9 presents the changes in the peak friction 
angle and the critical-state friction angle with the 
loss of fine particles. Both the peak friction angle 
and the critical friction angle decrease with increas-
ing amount of loss of fine particles. The peak fric-
tion angle goes down from 38.7° (A1) to 34.6° (A4), 
which decreases by 11%, while the critical friction 
angle decreases by 10% from 30° (A1) to 27° (A4). 
 
 
 
 
Figure 8. State parameter of test soils. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Variation of the peak and critical friction angle of the 
test soils with the loss of different amounts of fine particles. 
6 CONCLUSIONS 
A series of experiments was conducted on a gap-
graded soil to investigate soil deformations caused 
by internal erosion and the influence of an extremely 
large loss of fine particles on the stress-strain behav-
iour of soils subjected to internal erosion. The fol-
lowing conclusions can be drawn based on the ex-
perimental study: 
(1) With the increasing loss of fine particles, both 
the soil mass and soil volume decrease but the 
net effect is the increase of the void ratio. The 
soil becoming looser as the fine particles erode. 
Substantial axial strain, radial strain and volu-
metric strain develop during the internal erosion 
process.  
(2) During the drained triaxial shearing test, the 
soils with a smaller loss of fine particles showed 
a more dilative response. The shear strength de-
creases with the increasing amount of eroded fi-
ne particles. The peak friction angle decreases 
by 11% from 38.7° to 34.6° as 15% of particles 
by weight are lost. The critical friction angle al-
so decrease, but to a lesser degree.  
(3) The state parameter increases and the critical 
state line rises with the loss of increasing 
amount of fine particles, which indicates a more 
contractive tendency.  
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